Bharucha AE, Karwoski RA, Fidler J, Holmes DR 3rd, Robb RA, Riederer SJ, Zinsmeister AR. Comparison of manual and semiautomated techniques for analyzing gastric volumes with MRI in humans. Am J Physiol Gastrointest Liver Physiol 307: G582-G587, 2014. First published July 10, 2014; doi:10.1152/ajpgi.00048.2014.-Gastric emptying, accommodation, and motility can be quantified with magnetic resonance imaging (MRI). The first step in image analysis entails segmenting the stomach from surrounding structures, usually by a time-consuming manual process. We have developed a semiautomated process to segment and measure gastric volumes with MRI. Gastric images were acquired with a three-dimensional gradient echo MRI sequence at 5, 10, 20, and 30 min after ingestion of a liquid nutrient (Ensure, 296 ml) labeled with gadolinium in 20 healthy volunteers and 29 patients with dyspeptic symptoms. The agreement between gastric volumes measured by manual segmentation and our new semiautomated algorithm was assessed with Lin's concordance correlation coefficient (CCC) and the Bland Altman test. At 5 min after a meal, food volumes measured by manual (352 Ϯ 4 ml) and semiautomated (346 Ϯ 4 ml) techniques were correlated {CCC[95% confidence interval (CI)] 0.70 (0.52, 0.81)}; air volumes measured by manual (88 Ϯ 6 ml) and semiautomated (84 Ϯ 6 ml) techniques were also correlated [CCC (95% CI) 0.89 (0.82, 0.94)]. Findings were similar at subsequent time points. The Bland Altman test was not significant. The time required for semiautomated segmentation ranged from an average of 204 s for the 5-min images to 233 s for the 20-min images. These times were appreciably smaller than the typical times of many tens of minutes, even hours, required for manual segmentation. To conclude, a semiautomated process can measure gastric food and air volume using MRI with comparable accuracy and far better efficiency than a manual process. emptying; motility; magnetic resonance imaging THE STOMACH RELAXES OR ACCOMMODATES after a meal, which provides room for food to be broken down into smaller particles that are emptied into the duodenum. Disturbances of these motor functions contribute to upper gastrointestinal symptoms (i.e., indigestion) in common conditions such as dyspepsia and gastroparesis (23). Magnetic resonance imaging (MRI) is perhaps the only technique that can assess these processes [i.e., gastric volumes, emptying, and motility (8, 10 -13, 18, 20, 27-29, 33)] without radiation exposure or an intraluminal catheter. "Static" MRI can reproducibly measure not only the volume of the entire stomach but also the volume of intragastric air and food (9). Gastric emptying can be measured from a time series of postprandial three-dimensional (3D) gastric volumes acquired at a relatively slow rate (i.e., static MRI) (11, 19); gastric motility can be evaluated by more rapid image acquisition sequences (i.e., "dynamic" MRI) (2).
THE STOMACH RELAXES OR ACCOMMODATES after a meal, which provides room for food to be broken down into smaller particles that are emptied into the duodenum. Disturbances of these motor functions contribute to upper gastrointestinal symptoms (i.e., indigestion) in common conditions such as dyspepsia and gastroparesis (23) . Magnetic resonance imaging (MRI) is perhaps the only technique that can assess these processes [i.e., gastric volumes, emptying, and motility (8, 10 -13, 18, 20, 27-29, 33 )] without radiation exposure or an intraluminal catheter. "Static" MRI can reproducibly measure not only the volume of the entire stomach but also the volume of intragastric air and food (9) . Gastric emptying can be measured from a time series of postprandial three-dimensional (3D) gastric volumes acquired at a relatively slow rate (i.e., static MRI) (11, 19) ; gastric motility can be evaluated by more rapid image acquisition sequences (i.e., "dynamic" MRI) (2) .
Assessments of gastric motility by MRI demonstrated, for the first time, that the amplitude of gastric contractions in the entire stomach was greater in patients with functional dyspepsia and rapid, but not normal, gastric emptying compared with controls (2) . Likewise, the ability to measure the postprandial increase in gastric volume is useful for identifying impaired gastric accommodation, which may explain early satiety in functional dyspepsia (4, 9, 17, 22) . A particular advantage of measuring gastric volumes with MRI or other noninvasive techniques is that they do not, in contrast to a barostat, require an intragastric balloon, which distends the stomach, displaces food toward the antrum, and tends to accentuate accommodation (7, 21) .
Despite these advantages, gastric accommodation and contractions are generally measured by scintigraphy, a barostat or single photon emission computed tomography, and manometry rather than by MRI (23) . There is limited awareness of the ability of MRI to measure gastric motor functions and technical challenges with image analysis. Indeed, the use of MRI to evaluate gastric motor functions has lagged behind its application for other regions (e.g., brain, angiography) (26) . One very significant challenge to using gastric MRI is the time required to segment the stomach from surrounding structures. Because of image noise, acquisition artifact, and possible low contrast between adjacent structures, this segmentation requires fine-grained demarcation of the stomach border. Moreover, identifying thin structures such as the diaphragm between the lungs and stomach can be difficult and require human expertise. Even experienced technicians require ϳ3 h to segment the ϳ100 images required to compute gastric volumes at each time point even when the nutrient meal is labeled with gadolinium, which is bright on T 2 -weighted sequences and hence can be discriminated from air within the lumen (9) . Preliminary work in the development of a 3D image processing and analysis tool with minimal user intervention has been described (1) . The tool enabled reconstruction of gastric 3D geometry with only 12-18 mouse clicks compared with 400 clicks for manual analysis; however, the time required for that analysis or a comparison of the data for gastric volumes computed by manual and semiautomated techniques was not studied.
We previously compared gastric volumes analyzed by MRI in 20 healthy subjects and 17 patients with functional dyspepsia (2, 9) . After segmenting gastric images manually, fasting and postprandial gastric volumes were assessed. These volumes were reproducible within subjects and between days. The postprandial volume change was not significantly different between healthy subjects and dyspepsia patients. We adapted existing algorithms to develop a semiautomated process for segmenting the stomach and measuring gastric volumes with MRI. The objectives of this study were to: 1) measure postprandial volumes with a semiautomated analysis of MRIs; and 2) compare postprandial volumes measured by manual and semiautomated analysis in healthy subjects and patients with dyspepsia. We also measured the time required for semiautomated segmentation. 2 ) participated in this study. These studies were approved by the Institutional Review Board, conducted at Mayo Clinic, and analyzed by ANALYZE software. A gastroenterologist interviewed and examined all subjects. All subjects completed a questionnaire on functional gastroduodenal and bowel disorders framed to be consistent with Rome III criteria (31) . None had previous gastrointestinal surgery (other than appendectomy), significant underlying illnesses [other than diabetes mellitus (DM)], or medication use, except for stable doses of birth control pill, L-thyroxine, or estrogen replacement therapy. In healthy subjects, functional gastrointestinal disorders, anxiety, and depression were excluded using validated screening questionnaires, a clinical interview, and a physical examination (32, 34) . Healthy subjects were recruited from the local community by public advertisement, and patients were recruited from the clinical practice.
MATERIALS AND METHODS

Subjects
Gastric MRI. With the use of a torso phased array coil and a 1.5 T magnet MRI (Twin Speed, GE Healthcare), fasting and postprandial images were acquired before and 5, 10, 20, and 30 min after ingestion of Ensure [296 ml, 308 kcal (64% carbohydrate, 22% fat, and 14% protein)] labeled with gadolinium [4 ml, 287 mg/ml, gadodiamide (Omniscan; GE Healthcare)]. Images were acquired with an axial 3D axial gradient echo (LAVA) sequence without fat saturation (i.e., 4-mm slices with 2-mm overlap, matrix size 256 ϫ 160, typical left/right ϫ anterior/posterior field of view of 40 cm ϫ 32 cm, 1 excitation, parallel imaging acceleration factor of 2) that imaged the entire stomach in 13 s. The typical superior/inferior extent of the volume of interest, encompassing the stomach, was 20 cm, thus including ϳ100 individual axial sections. Subjects were encouraged to hold their breath for this sequence.
Data analysis. With the use of ANALYZE software (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN) (25) , the volume of gastric air and fluids in MRIs was estimated by two approaches (manual tracing and a semiautomated segmentation). Investigators processing these images were blinded to the results of the other analysis. For the manual analysis, the results of which were detailed previously (9), a region of interest (ROI) was manually drawn around gastric food and air on each slice. Manual and automated segmentations were reviewed by a radiologist (Fidler) for accuracy. The sum of all pixels within each appropriate ROI for all slices was multiplied by voxel size to obtain the volume of gastric food and air.
The semiautomated program was implemented on a Windows PC (Intel Core 2 Quad CPU Q9300 at 2.5 GHz, 4.00 GB RAM) and incorporated the following steps. First, an automated multilevel threshold selection approach that minimizes variance between bright and dark objects (24) was applied to the histogram of the image data to identify threshold values for high-intensity (gadolinium-enhanced nutrient) and low-intensity (air) regions. These threshold values were not dependent on input from the user. Fig. 1 . Representative example of stepwise semiautomated segmentation process for gastric air. Top: original images. All tissues identified by the automatically computed threshold for air using Reddi's method are shown in the middle. Next, morphology and region growing operations were applied to identify a region of interest for air, which is shaded green (bottom). A similar process was used to segment contents (data not shown).
Next, the program identified coarse regions for gastric air and food using intensities below the air threshold and above the food threshold. The coarse region for food also included the surrounding structures, mostly perigastric adipose tissue. Therefore, manually selected seed points within food and air image regions were used to identify all regions connected to that seed point within food and air. Thereafter, a 9 ϫ 9 ϫ 3 pixel, 6.7 ϫ 6.7 ϫ 6 mm structuring element-based morphological opening was used to isolate gastric contents from surrounding organs (Fig. 1) . This morphological opening process incorporated both erosion and dilation and was applied to an intensity thresholded binary mask. Erosion (i.e., removing a layer) eliminates thin connections between two objects and noise. In this instance, erosion demarcated the boundary between the ROI defined by food and air and surrounding organs. Dilation restores the layer without noise and thin connections. The structuring element size was selected so as to break connections to adjacent structures. User-identified seed points, typically placed in the middle of food and air structures, initiated a region growing algorithm that identified the desired food and air components. Seed selection is the only manual intervention used and is robust to initialization. Region growing occurs automatically, requiring Ͻ2 s/dataset. In some cases, regional variations in signal intensity within the air volume were heterogenous, which limited automated extraction by the process described above. In such cases, the program automatically repeated the extraction process after applying a grayscale minimum filter to the volume, which reduced the inhomogeneity of pixels within a region. Finally, the gap between food and air was closed by using a two-step process that entailed dilation followed by erosion. In the first step (i.e., dilation), symmetrical layers of 1 voxel thickness were simultaneously added to food and air object maps until the gap closed. Thereafter, the additional outer layers not contiguous to the gap were removed while the gaps were closed by reassigning them to air volume using a morphological close operation (dilation followed by erosion) (Fig. 2) . Finally, the volume of air and food was computed.
Statistical analysis. The concordance between gastric volumes measured by manual and semiautomated sequences was assessed by Lin's concordance statistic [the concordance correlation coefficient (6)]. A Bland Altman assessment examined whether the magnitude of differences between manual and semiautomated techniques was correlated with the magnitude of the measured responses (i.e., the average value for both studies) using Pearson's correlation coefficient (3).
RESULTS
Clinical features.
Twenty three patients did not have any underlying explanation for their upper gastrointestinal symptoms. Five of six patients with DM had type 1 DM. Gastric emptying was measured by scintigraphy in 27 of 29 patients; 8 had normal, 11 had rapid, and 8 had delayed gastric emptying.
Fasting and postprandial gastric volumes. After drinking Ensure (300 ml), gastric volumes increased by 403 Ϯ 12 ml in healthy subjects, 442 Ϯ 21 ml in patients with normal gastric emptying, and 383 Ϯ 26 ml in patients with delayed gastric emptying as detailed previously (9) . Because the semiautomated technique cannot reliably segment the empty stomach from surrounding structures, this study was limited to postprandial volumes.
Comparison of volumes measured by manual and semiautomated analysis. The volume of gastric food at 5, 10, 20, and 30 min after a meal measured by manual and semiautomated techniques was significantly correlated (Table 1 and Fig. 3) . Differences between manual and semiautomated volumes of gastric food were also small and ranged from 4.4 ml [95% confidence interval (CI) Ϫ1.7, 10.4] at 20 min to 7.1 ml (95% CI 0.7, 13.5) at 10 min. Moreover, these differences were not related to the average postprandial volumes measured by manual and semiautomated techniques (i.e., the Bland Altman test was not significant). The largest differences between manual and semiautomated techniques were observed in cases where the manually measured stomach content volume was Ͼ350 ml. However, differences between manual and semiautomated Postprandial air volumes measured by manual and semiautomated techniques were also significantly correlated (Table  1) . For example, at 5 min, volumes were 88 Ϯ 6 ml by manual and 84 Ϯ 6 ml by semiautomated techniques with a concordance correlation coefficient of 0.89 (0.82, 0.94). Differences between manual and semiautomated gastric air volume were small and ranged from 2.4 ml (95% CI Ϫ3.1, 8.0) at 10 min to 5.9 ml (95% CI 0.5, 11.3) at 20 min after a meal. Moreover, the Bland Altman test was not significant. 
DISCUSSION
Previous studies that quantified gastric volumes and emptying with MRI manually segmented the stomach by a timeconsuming process. This limits the widespread use of MRI for these applications (20) . In this study, we demonstrate that a customized, semiautomated process can effectively measure the volume of gastric food and air in MRIs with similar accuracy and significantly improved efficiency compared with a manual process. This promising development provides, for the first time, an efficient and robust approach to analyzing gastric volumes and motility from MRI. It is particularly useful when numerous images need to be analyzed, as, for example, when assessing gastric emptying, which is not a linear process (19) . Moreover, the ability to analyze the volume of not only food but also air is essential for evaluating postprandial gastric accommodation, which requires measuring the volume of the entire stomach (9) .
As with any practical algorithm for image analysis, there is a trade-off between human expertise and automation. Some steps (e.g., automatic detection of thresholds) required no human intervention, and the outcome is very reproducible. By eliminating potential individual bias related to threshold perception, a consistent threshold can be identified at the onset of the processing. In contrast, human intervention is often necessary to identify anatomical interfaces, particularly in the presence of image noise and acquisition artifact. Although automated techniques could also be developed for these tasks, postalgorithm refinement by an expert would require substantially more effort.
A potential alternative is to segment the stomach with an atlas-based approach (14) that can effectively segment structures with a regular shape (e.g., the heart), which does not vary considerably among subjects. In contrast, the size and shape of the stomach varies considerably among subjects and is influenced, among other factors, by variations in body morphology, adjacent anatomy, surrounding fat, and extent of filling. Hence, model-based segmentation is impractical for the stomach. In the present technique, the stomach is located by a simple human click. By reducing the field of view to the region of the stomach, automated algorithms are able to overcome local inhomogeneity, noise, and partial volume effect. Morphological processing is an effective tool to deal with small gaps in signal that generally occur around thin structures (30) . Accordingly, the size of the morphology kernels (i.e., structuring elements) used for this step is based on our understanding of the anatomy of the stomach and adjacent structures and is uniform for all subjects.
Whereas experienced technicians require ϳ3 h to manually segment the images required to measure volume, this program did so in Ͻ5 min, which is over 30 times faster. Air and labeled fluid can be segmented using semiautomated threshold connectivity methods (25) but nearly always require limited manual correction to ensure the automatically extracted regions do not violate the stomach wall boundary. The semiautomated process Manual volume (mL) Semi-automated volume (mL) used in this study relied on standard image processing techniques and in a minority of cases required only minimal refinement by an observer. Although the streamlined workflow for automatic segmentation of stomach volumes is not currently distributed with commercial versions of Analyze, the steps used to perform the segmentations can be reproduced using various programs in Analyze. Commercially available software packages include several functions (e.g., automatic thresholding, spatial filtering, region growing, and mathematical morphology) that were used in this project. However, to our knowledge, most commercially available products do not incorporate certain essential features that are necessary to manage the inherent variability of intensities in gastric MRIs. These features include, but are not limited to, structuring element size, inhomogeneity correction, and grayscale and automatic threshold selection (5, 24) . Similar approaches are used to segment regions and estimate volumes using MRI in the brain and computed tomography in the lung (15, 16) .
The image analysis algorithms developed for this semiautomated process were customized to analyze volume images acquired by a specific novel MRI technique. However, these algorithms can be readily modified for images acquired by different techniques or MR protocols. The 3D acquisition was designed to reduce respiratory misregistration and improve accuracy. Because patients successfully held their breath during the acquisition, breathing artifact was minimal. A bright intragastric signal is essential for semiautomated segmentation. However, native gastric fluid content, which is not labeled with gadolinium, is not distinctly visible in fasting images acquired by a T 1 -weighted sequence. Whereas baseline fluid content appears bright on T 2 -weighted images, to image the entire volume of interest in a single 20-s breath hold with a 3D T 2 -weighted turbo-or fast-spin-echo sequence would likely result in unacceptable loss of T 2 contrast because of high turbo factors and loss of signal-to-noise ratio due to high acceleration factors.
In summary, the volume of gastric food and air in MRIs can be measured by a semiautomated process with comparable accuracy and far better efficiency than a manual process. These validated algorithms should facilitate increased utilization of MRI for evaluating gastric volumes, emptying, and motility, both in research and in clinical practice.
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